Background Obesity is associated with several fertility disorders. This prospective cohort study was designed to evaluate the effect of body mass index (BMI) (kg/m 2 ) on oocyte diameter and treatment. Methods Women undergoing in vitro fertilization (IVF) with intracytoplasmic sperm injection (ICSI) were enrolled in the study. They were divided into two groups according to BMI: obese (BMI > 30) and normal weight (BMI < 25). Mature oocytes were evaluated according to total diameter, zona pellucida, and oolema diameters. Results A total of 387 oocytes were obtained from the 46 women who participated. Significantly more mature oocytes (M2) were retrieved from normal weight patients compare to obese women (15.1 ± 6.8 vs. 9.7 ± 3.9, respectively, P < 0.001). Oocytes from women in the obese group were significantly smaller than those in the normal weight group, including oocyte diameter (157.9 ± 7.9 vs. 164.3 ± 5.1 μm, P < 0.0001), oolema diameter (110.3 ± 4.5 vs. 113.5 ± 3.5 μm, P < 0.0001), and zona pellucida thickness (17.9 ± 2.6 vs. 19.0 ± 2.4 μm, P < 0.000), respectively. Multivariate logistic regression analysis, including oolema diameter, female age, BMI, number of M2 oocytes, and zona pellucida, was conducted to predict pregnancy. Small oolema diameter in obese patient adversely correlated with pregnancy. Larger oolema diameter was positively associated with the probability of pregnancy in the obese group as well as thinner zona pellucida. Conclusion Obesity is associated with smaller oocytes, which adversely affect fertility outcomes. Trial registration NIH number NCT01672931
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Background
Obesity is an important health issue worldwide. It is common among women of reproductive age, and its rates are increasing according to the World Health Organization (WHO). Overweight is defined as a body mass index (BMI) of 25 kg/m 2 or above, and obesity is defined as a BMI of 30 or more [1, 2] .
Obesity is associated with anovulation, menstrual disorders, and infertility, as well as lower success rates in assisted reproduction. This is manifested by lower implantation and pregnancy rates, miscarriage, adverse pregnancy outcomes, increased maternal and fetal complications during pregnancy, and congenital anomalies [3] [4] [5] . The specific factors affected by obesity are unknown. Some studies focused on oocyte quality [6, 7] , and others, on the endometrium [8] . However, their results conflict [9] [10] [11] .
Luke et al. found that the likelihood of conception through assisted reproductive technology (ART) decreased with increasing BMI. Outcomes improved when donor oocytes from normal weight women were used. These data support the concept that obesity has a detrimental effect on oocytes [12] .
Recent studies reported a correlation between obesity and oocyte size. Among women with polycystic ovarian syndrome (PCOS), those who were obese had smaller oocytes than those who were not [13, 14] . Moreover, several studies using animal models found a relation between environmental influences, such as obesity and insulin resistance, and oocyte quality and subfertility. Oocytes from obese mouse demonstrated delayed oocyte maturation, poorer mitochondrial quality and function, and more aneuploidty [7] .
This study evaluated the effects of BMI on oocyte diameter in terms of treatment outcomes.
Methods

Study design
Patients were prospectively enrolled from 1 January 2013 through 31 December 2014. This case-control study compared treatment outcomes between obese and normal weight control subjects who were undergoing in vitro fertilization (IVF) with intracytoplasmic sperm injection (ICSI) at the Hillel Yaffe Medical Center.
Study participants
Inclusion criteria were women undergoing IVF-ICSI cycles, age≤39 years, FSH < 12 IU/l, and more than four oocytes collected per patient. In order to demonstrate a substantial difference, women with BMI 25-29 were also excluded.
Only patients undergoing ICSI were included, because oocyte measurements were obtainable only after the oocytes were denuded by exposure to hyaluronidase, which is part of the ICSI protocol. Women with BMI ≥ 30 kg/m 2 were enrolled into the obese group and BMI < 25 kg/m 2 were enrolled into the normal weight group [1, 2] . Exclusion criteria were age≥40, PCOS, poor ovarian reserve documented in previous cycles, and any adjuvant steroid treatment to improve ovarian response (DHEA, steroids, etc.).
Treatment protocol
Patients underwent controlled ovarian stimulation according to their physician's recommendation. All protocols [15] and ICSI were performed as previously described [16] . Estrogen and progesterone (P) levels were evaluated at every follow-up visit, including on the day of hCG (Ovitrelle Merck-Serono) administration before oocyte retrieval.
Only mature oocytes were analyzed after retrieval and before ICSI. After denudation of the granulosa cells, all oocytes were captured by an Olympus camera in an inverted microscope. A Zilos laser was used to measure computer-captured digital images using software that automatically calculated the mean and standard deviation of each measurement. Due to its spherical shape, we used the mean of three measurements of the oocyte. We took four measurements of the oolema and five of the zona pellucida (Fig. 1) . To avoid intra-observer error, all measurements were taken by the same embryologist, who was blinded to the patients' clinical information including BMI.
Embryo quality was evaluated on the day of transfer, according to number of cells, symmetry, granularity, type, percentage of fragmentation, presence of multinucleate blastomeres, and degree of compaction, as previously described [17, 18] . A top quality embryo was described as having 4-5 cells on day 2 or >6 equal-size blastomeres on day 3, ≤10% fragmentation and no multinucleate cells [19] . A maximum of three embryos were transferred on day 2 or 3 of development. The association between different BMI in the different study group and the number of oocytes retrieved, number of mature oocytes (M2), fertilization and cleavage rates, mean oocyte diameter, mean oolema diameter, mean zona pellucida (ZP) thickness, number of top quality embryos, and pregnancy rate were compared.
Pregnancy determination
Beta hCG was measured 14 days after embryo transfer. Clinical pregnancy and implantation rates were confirmed when a gestational sac with fetal heart beat was visible by ultrasound examination 7 weeks later. Demographic data, treatment information and results, and pregnancy outcomes were recorded and followed until delivery.
Power analysis
Power analysis was conducted to answer the main study question of the difference in oocyte diameter between two distinctly different BMI groups. Significance level (alpha) was set at 0.05. Sample size was calculated using BPower and sample size^software and was based on previous results from Marquard et al. [13] , assuming 80% power, 95% confidence interval and mean differences, and a difference in oocyte diameter between normal weight and overweight women of 1.6 μm. At least 136 oocytes per group were needed for analysis.
Statistical analysis
Statistical analysis was performed using the SPSS software package version 21 (SPSS Inc., Chicago, IL). Shapiro-Wilk test was used to evaluate the distribution of quantitative data. Comparisons between groups were analyzed using Student's t test or Mann-Whitney U test. For repeated measures, we used linear mixed models to verify that no difference exist compared with other tests. Proportions were compared using chisquare test or Fisher's exact test. A P value less than 0.05 was considered significant.
A multivariate logistic regression analysis model was used to rule out any other confounders that might influence the clinical results. The multivariate logistic regression model used the mean per patient of several independent parameters to predict pregnancy. To avoid multicollinearity, Pearson's correlations were performed and only non-correlated parameters were included in the multivariate model.
The study was conducted at the IVF Unit at the Hillel Yaffe Medical Center. It was approved by the Institutional Review Board (NIH number NCT01672931). All participants signed an informed consent.
Results
A total of 387 oocytes were obtained from 46 women who participated in the study. Demographic characteristics are shown in Table 1 . There were no differences in the indications for fertility treatment. The normal weight group were significantly younger compared to the obese group; however, both group are considered young for IVF treatments.
More mature oocytes (M2) were retrieved from normal weight than from obese women (15.1 ± 6.8 vs. 9.7 ± 3.9, respectively, P < 0.001) ( Table 2 ). Mature oocytes from women in the obese group were significantly smaller than those in the normal weight group were, including diameter (157.9 ± 7.9 vs. 164.3 ± 5.1 μm, P < 0.0001), oolema (110.3 ± 4.5 vs. 113.5 ± 3.5 μm, P < 0.0001), and zona pellucida (17.9 ± 2.6 vs. 19.0 ± 2.4 μm, P < 0.0001).
We used linear mixed models for repeated measure analyses to evaluate whether differences exist in ZP measurements and to examine whether age, oolema, and M2 influence pregnancy. BMI was significantly correlated to ZP thickness.
There were no statistically significant differences between the groups regarding endometrial thickness and length of stimulation protocols (Table 3 ). The numbers of embryos per participant, as well as the number of transferred embryos, were comparable. Fertilization rate was comparable between the obese and normal weight groups (59.2 ± 21.2 vs. 67.9 ± 21.2, P = 0.17); however, cleavage rate was significantly higher in the normal weight group (100 vs. 92.5%, P = 0.03). Both groups had a high number of top quality embryos with no significant difference. Pregnancy rate was comparable as well, however, with a trend towards higher pregnancy rate in the normal weight group (50 vs. 28.6%, P = 0.22). Interestingly, we sub-analyzed the pregnancy in both groups; we found that in the obese group, zona pellucida was significantly thinner in those who conceived compare to the non-conceived group (16.64 ± 2.7 vs. 19.5 ± 2.2, P < 0.0001).
A multivariate logistic regression analysis was conducted to predict pregnancy (Table 4) . Female age, BMI, number of M2 oocytes, and mean zona pellucida thickness and oolema diameter were included. Different variables contributed in each BMI group. In the overweight patients, the smaller oolema diameter adversely predicted pregnancy. As the oolema diameter increased, so did the probability of Fig. 1 Representative measurements of different sections of oocyte. Three measurements for the full oocyte, four measurements of the oolema, and five measurements of the zona pellucida were taken for each oocyte in the study pregnancy (95% CI 1.044-1.316, OR = 1.17, P = 0.007). The zona pellucida thickness influence pregnancy rate; as the thickness decreased, pregnancy rate increased significantly (95% CI 0.54-0.793, OR = 0.65, P < 0.0001). In a combined model, normal weight patient demonstrated odds ratio of 6.1 to achieved pregnancy compare to obese patients (P < 0.0001, 95%CI = 3.03-12.4). Age did not influence oocyte parameters nor pregnancy, probably because patients were relatively young in both group.
Discussion
It is well-established that obesity has a major influence on fertility and reproductive medicine outcomes due to its relation to anovulation, hyperinsulinemia, and ovarian hyperandrogenism [12, [20] [21] [22] [23] ]. Yet, the exact mechanisms of how obesity results in lower implantation and pregnancy rates and higher miscarriage rate are debated [9, 14, 24, 25] .
The current study prospectively evaluated the effect of obesity on the quantity, size, and quality of oocytes. We found that oocytes were significantly smaller in obese women compared to normal weight women. Obesity had an adverse influence on the total number of mature oocytes and cleavage rate. However, fertilization rate and embryo quality did not differ between the groups. In agreement with our results, LazzaroniTealdi E. et al. [26] demonstrate that oocyte size showed significant influence on embryo quality and an independent predictor of embryo quality after adjustment to age.
Obese women received significantly larger doses of gonadotropin. The normal weight group showed a trend towards better pregnancy rates, but lacked the power to establish significance.
The literature proposes various theories to explain poorer treatment outcomes among obese women. These include abnormal hormonal axis and anovulation, hostile endometrial receptivity, and endogenous oocyte factors [4, 5, 12, 21, 27, 28] . Oocyte quality has been widely investigated [6, 24, 29, 30] . Marquand et al. reported that oocytes collected from obese women with PCOS were significantly smaller than those from normal weight controls with PCOS [13] . Lazzaroni-Tealdi E. et al. found six oocyte parameters with a significant influence on embryo quality, including morphology, ooplasm, ZP structure, PVS, and morphology of the first 19.0 ± 2.4 17.9 ± 2.6 <0.0001
Mean ± SD PB and as well oocyte size [26] . In contrast, Salata et al. did not find a correlation between oocyte diameter, fertilization rate, and embryo quality [31] . Similar to Marquard et al., we found significantly smaller oocytes in obese as compared with normal weight women without PCOS. We did not detect a difference in embryo quality between the groups. Y.P. Sun et al. demonstrated that ZP thickness variation influenced pregnancy rate more than the mean thickness of ZP [32] . Balakier H. et al. found that embryos with good morphology exhibited considerably thinner ZP compared with those of less favorable morphology. The ZP thickness had no significant impact on the implantation and pregnancy rates [33] . In our study, we found that obese women had thicker ZP and in the obese group, it significantly influenced the pregnancy rate (Table 4) . We did not find any significant results when ZP thickness variation was calculated.
Using an animal model, Jungheim et al. demonstrated the effects of maternal obesity in the pre-and peri-conceptional periods by comparing reproductive tissues from diet-induced obese female mice to those of control mice. They found fewer and smaller mature oocytes in mice on the rich fat diet as compared to the controls. Other possible mechanisms related to poor reproductive outcomes include decreased IGF-1 receptor expression in the pre-implantation blastocyst, which influences embryonic implantation and fetal growth, and increased mid-gestational placental transcription of IGF-2 receptors, a maternally expressed gene known to influence placental and fetal size [7] .
Robker et al. found that obesity is associated with intrafollicular changes in multiple cellular systems including steroidogenesis, intrinsic metabolism, and inflammation in women undergoing in vitro fertilization [24] . Consistent with the above and in agreement with our results, Leary et al. showed that oocytes from overweight and obese women are significantly smaller compared to those from normal weight women and that the smaller oocytes were less likely to reach the blastocyst stage. In addition, the embryos demonstrated significant metabolic abnormalities, including decreased glucose consumption, altered amino acid metabolism profile, and increased endogenous triglyceride content [14] . Our findings suggest that obese patients have significantly fewer mature oocytes than normal weight women do, but similar fertilization rates. This agrees with Wittemer et al. who also found significantly fewer mature oocytes in obese women [34] , but is in contrast to Shah et al. who found that obesity was associated with fewer normally fertilized oocytes despite similar numbers of mature oocytes [35] .
According to our regression model, we found small oocyte and zona pellucida diameters in the obese patients, but not in the normal weight patients. We assume that the smaller oocyte diameters among the obese patients represent mal-synthesis of fat and cholesterol, and presumably adverse mitochondrial function, which adversely affects pregnancy outcomes.
To the best of our knowledge, this prospective study is the first to demonstrate the connection between obesity, oocyte size, and fertility outcomes among women without PCOS. The small sample size limited the ability to demonstrate statistically significant differences in the clinical outcomes, and only a trend was demonstrated. The two groups differed in age; however, since we limited the patients in the study to be younger than 40 years, we believe this difference had no clinical effect. The average age in each group was younger than 35 years (Table 1) .
To expand on our findings and assess the assumption about oocyte metabolism, we plan to increase the sample size, assess our assumption of mal-synthesis of lipids, and compare the follicular fluids between the groups in a future study.
Conclusion: Obesity can result in smaller oocytes, which adversely affect fertility outcomes. Regarding our findings, we recommend lifestyle changes for patients who are above a normal weight range. Despite not having a significant effect on pregnancy rates, it is well-established that obesity predisposes women to several general and obstetrical complications such as pre-eclampsia, gestational diabetes, and birth defects, as well as higher cesarean section rates [36] [37] [38] . Therefore, it is important to discuss fertility and pregnancy complications with obese patients prior to conception, if possible [39] [40] [41] .
BMI, body mass index; ICSI, intracytoplasmatic sperm injection; IVF, in vitro fertilization; PCOS, polycystic ovarian syndrome
